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DESCRIPTION 
MAGNETIC FIELD GENERATOR FOR MRI 
TECHNICAL FIELD 

The present invention relates to a magnetic field generator used in 
a medical-use magnetic resonance imaging (hereinafter referred to as MRI) 
device, and more particularly to an MRI magnetic field generator with 
reduced residual magnetism and eddy current generated by the effect of the 
pulse current flowing through Gradient magnetic field coils. 
BACKGROUND ART 

Figures 13 (a) and (b) illustrate a known structure of an MRI 
magnetic field generator. In this structure, each of a pair of pole pieces 2 is 
fastened, with the pole pieces 2 facing each other, at one end of each of a pair 
of permanent magnet structures 1 comprising a plurality of block-shaped R- 
Fe-B-based magnets that have been integrated as the field generation source 
the other ends of the permanent magnet structures are connected to a yoke 3, 
and a static magnetic field is generated within the air gap 4 between the pole 
pieces 2. 

In the figure, 5 is an annular protrusion formed in order to 
increase the uniformity of magnetic field distribution within the air gap 4, 
and another known structure is one in which a tiered protrusion (not shown) 
is formed on the inside of the annular protrusion in an effort to further 
increase the uniformity of the field distribution. 

In the figure, 6 is a tilt field coil, which is disposed in order to 
obtain information about positioning within the air gap 4. These Gradient 
magnetic field coils 6 usually comprise a group of three coils corresponding to 



the three directions X, Y, and Z within the air gap 4, but are shown in 
simplified form in the figure. 

With a structure such as this, the air gap 4 must be large enough 
for all or part of a patient's body to be inserted therein, and a static magnetic 
field having a high uniformity of 1 X 10-4 or less at 0,02 to 2,0 T must be 
formed within a specified image field of view within the air gap 4. 

With the structure shown in Figures 13 (a) and (b), a so-called 
four-column yoke consisting of a pair of yoke plates 3a and 3b and four yoke 
columns 3c is used as the yoke 3, but as shown in Figures 14 (a) and (b), 
variously structured yokes can be used according to the required 
characteristics, such as a so-called C yoke consisting of a pair of yoke plates 
3a and 3b and a supporting yoke plate 3d. 

With the structure shown in Figures 13 (a) and (b), permanent 
magnets such as R-Fe-B-based magnets are employed as the field generation 
source, but other structxires can also be used, such as one in which an 
electromagnetic coil is wound around the periphery of an iron core. 

Regardless of which of these structures is used, the air gap 4 is 
formed by the pair of pole pieces 2, and Gradient magnetic field coils 6 are 
disposed in the vicinity of the pole pieces 2, as shown in Figures 13 (a) and 
(b). 

Usually, the pole pieces 2 are made from electromagnetic soft iron, 
pure iron, or another such bulk material (integrated), so when a pulse 
current is passed through the Gradient magnetic field coils 6 and a pulse- 
form tilt field is generated in the desired direction in order to obtain 
information about positioning within the air gap 4, the effect of this tilt field 
generates an eddy current in the pole pieces 2 and decreases the rise 



characteristics of the tilt field, and even after the flow of the pulse current 
has been halted, the uniformity of the field distribution in the air gap 4 is 
decreased by the residual magnetism generated in the pole pieces 2. 

As a means for solving this problem, MRI magnetic field 
generators characterized in that the main portion of the pole pieces is formed 
from laminated silicon steel sheets have already been proposed by the 
inventors (Japanese Patent No, 2,649,436, Japanese Patent No, 2,649,437, 
U.S. Patent No, 5,283,544, and European Patent No. 0479514). 

The MRI magnetic field generators previously proposed by the 
inventors are chiefly characterized by the use of pole pieces structured as 
shown in Figures 15 to 18. 

The structure of the pole piece 10 shown in Figures 15 (a) and (b) 
comprises a soft iron magnetic ring having a rectangular cross-sectional 
shape and constituting an annular protrusion 12 on the air gap-facing side of 
a magnetic base member 11 composed of pure iron or another bulk material, 
and a plurality of laminated blocks 13 produced by laminating a plurality of 
silicon steel sheets in the facing direction of the pole pieces and integrating 
these with an insulating adhesive agent or the like. 

In the figure, 14 is a tiered protrusion formed on the inside of the 
annular protrusion 12 for the purpose of enhancing the uniformity of the 
field distribution. Just as discussed above, a plurality of silicon steel sheets 
are laminated in the facing direction of the pole pieces and integrated with 
an insulating adhesive agent or the like, and the resulting plurality of 
laminated blocks are laminated in the required number, 

15 in the figxxre is a soft iron core used for mounting the field 
generation coil. 



16 in the figure is a slit formed in the radial direction for the 
purpose of dividing the soft iron magnetic ring having a rectangular cross- 
sectional shape and constituting the annular protrusion 12 into a plurality of 
sections in the circumferential direction and reducing the eddy current that 
is generated at the annular protrusion 12. 

If the silicon steel sheets used in the above-mentioned laminated 
blocks 13 are directional silicon steel sheets (JIS C 2553, etc.), then from the 
standpoint of field distribution uniformity, it is preferable for them to be 
laminated and integrated such that the readily magnetizable axis direction 
(calendering direction) is rotated by 90 degrees every specific number of 
small blocks 13a and 13b as shown in Figure 16 (a). If the sheets are non- 
directional silicon steel sheets (JIS C 2552, etc.), then lamination and 
integration are performed merely in the thickness direction, without taking 
directionality into account, as shown in Figure 16 (b). 

The structure of the pole pieces 20 shown in Figures 17 (a) and (b) 
comprises a soft iron magnetic ring having a rectangular cross-sectional 
shape and constituting an annular protrusion 22 on the void-facing side of a 
magnetic base member 21 composed of pure iron or another bulk material, 
and a plurality of laminated blocks 23 produced by laminating a plurality of 
non-directional silicon steel sheets in the direction perpendicular to the 
facing direction of the pole pieces and integrating these with an insulating 
adhesive agent or the like. 

In the figure, 24 is a tiered protrusion formed on the inside of the 
annular protrusion 22 for the purpose of enhancing the uniformity of the 
field distribution, 25 is a soft iron core used for mounting the field generation 
coil, and 26 is a slit that divides the soft iron magnetic ring having a 



rectangular cross-sectional shape and constituting the annular protrusion 22 
into a plurality of sections in the circumferential direction. 

It is preferable for the above-mentioned laminated blocks 23 to be 
laminated and integrated with an insulating adhesive agent or the like such 
that the lamination direction is rotated by 90 degrees for every one of the 
small blocks 23a and 23b laminated in the void-facing direction, as shown in 
Figure 17(c). 

The structure of the pole pieces 30 shown in Figures 18 (a) and (b) 
is quite different from that of the pole pieces 10 and 20 shown in Figures 15 
(a) and (b) and Figures 17 (a) and (b), respectively, in that the magnetic base 
members 11 and 21 composed of a bulk material are not used. Specifically, 
this structure is such that, instead of the magnetic base members 11 and 21 
composed of a bulk material, laminated rods 33, produced by laminating a 
plurality of non-directional silicon steel sheets, as shown in Figure 18 (c), in 
the direction perpendicular to the facing direction of the pole pieces and 
laminating these with an insulating adhesive agent or the like, are 
supported by an annular support member 34 composed of a bulk magnetic 
material. 

To discuss this in more detail, the center portion of the annular 
support member 34 composed of a bulk magnetic material is cut out, and the 
above-mentioned laminated rods 33a are disposed unidirectionally 
suspended therein with the chamfers 38 thereof corresponding to the 
chamfers (not shown) formed around the inside edges of the cutout. The 
laminated rods 33b are laid out as a second layer such that the lamination 
direction is rotated by 90 degrees on the void-facing side of the laminated 
rods 33a. 



A plurality of laminated rods 33c of different length are disposed 
between a fixed plate 35 and the inner peripheral surface of the annular 
support member 34 so that the overall shape of the pole piece will 
approximate that of a disk, and a soft iron magnetic ring having a 
trapezoidal cross section and constituting the annular protrusion 32 is 
installed via fixed blocks 31 fixed at specific positions around the outside 
edge of the inner periphery of the annular support member 34, forming the 
pole piece 30. 

36 in the figure is a slit that divides the soft iron magnetic ring 
having a trapezoidal cross-sectional shape and constituting the annular 
protrusion 32 into a plurality of sections in the circumferential direction. 37 
is an insulating material composed of an insulating adhesive tape or the like. 

By using the pole pieces 10, 20, and 30 shown in Figures 15 (a) and 
(b), 17 (a) and (b), and 18 (a) and (b) as above, is it possible to greatly reduce 
the generation of residual magnetism and eddy current in the pole pieces 
that is caused by the Gradient magnetic field coils as compared to when the 
conventional pole pieces composed of a bulk magnetic material shown in 
Figures 13 (a) and (b) and 14 (a) and (b) are used. 
DISCLOSURE OF THE INVENTION 

However, there is a growing need for an MRI magnetic field 
generator capable of producing sharp images at even higher speed, and 
further improvement is desired. 

It has been confirmed in experiments conducted by the inventors 
that the structures of the above-mentioned pole pieces 10 and 20 in Figures 
15 (a) and (b) and 17 (a) and (b) have numerous advantages, such as 
producing excellent mechanical strength (rigidity) for the pole piece as a 



whole because of the use of the magnetic base members 11 and 12 composed 
of a bulk material, and affording easy assembly work because of how easy it 
is to laminate and lay out the plurality of laminated blocks 13 and 23 
produced by laminating silicon steel sheets in a specific direction and 
integrating these with an insulating adhesive agent or the like. 
Nevertheless, the very presence of these magnetic base members 11 and 21 
prevents any further reduction in the residual magnetism and eddy current 
in the pole pieces. 

Specifically, it has been confirmed that the magnetic field 
generated by the Gradient magnetic field coils goes from the laminated 
blocks 13 and 23 directly under the Gradient magnetic field coils, through 
the magnetic base members 11 and 21 on which these laminated blocks 13 
and 23 are placed, and reaches the surface of the soft iron magnetic ring that 
constitutes the annular projection 12 and 22. Therefore, the magnetic base 
members 11 and 21 end up being present along the magnetic path between 
the laminated blocks 13 and 23 and the soft iron magnetic ring, and as a 
result an eddy current and residual magnetism are generated within the 
magnetic base members 11 and 21 composed of a bulk material. 

With the pole pieces 30 structured as in Figures 18 (a) and (b), the 
effective use of the annular support member 34 affords the same excellent 
mechanical strength and ease of assembly as the structures of the pole pieces 
10 and 20 in Figures 15 (a) and (b) and 17 (a) and (b). 

With this structure, no magnetic base members 11 and 21 
composed of a bulk material, such as those used for the pole pieces 10 and 20 
in Figures 15 (a) and (b) and 17 (a) and (b), are present under the laminated 
rods 33 directly beneath the Gradient magnetic field coils, which is 
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preferable from the standpoint of reducing eddy current and residual 
magnetism, but because the annular support member 34 present under the 
laminated rods 33 is also composed of a bulk magnetic material, the result is 
that the required reduction in eddy current and residual magnetism cannot 
necessarily be achieved at the present time. 

Furthermore, the void 39 is formed without the inner peripheral 
surface of the annular support member 34 being in complete contact with the 
laminated rods 33c, and as a result, the ratio (Sb/Sa) between the overall 
surface area Sa on the side of annular protrusion 32 facing the laminated 
silicon steel sheets and the overall surface area Sb on the side of the 
laminated silicon steel sheets facing the annular protrusion 32 is less than 
80% (about 70 to 75%), resulting in a magnetically unsaturated state 
occurring where the annular protrusion 32 meets the laminated silicon steel 
sheets, and this sometimes impedes the flow of the magnetic flux to the 
annular protrusion 32 and makes it difficult to efficiently obtain a specific 
uniform magnetic field within the air gap between the pole pieces. 

Specifically, the flux density produced by the magnetic field from 
the field generation source is far higher where the annular protrusion 32 
meets the laminated silicon steel sheets than in other portions, and the 
laminated silicon steel sheets in contact with the annular protrusion 32 in 
particular need to have enough volume to avoid a magnetically unsaturated 
state. The inventors have confirmed, however, that the uniform magnetic 
field originally required for an MRI magnetic field generator cannot be 
obtained with the structure shown in Figures 18 (a) and (b). 

It is an object of the present invention to provide an MRI magnetic 
field generator that solves the above problems, and it is a further object to 
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provide an MRI magnetic field generator with which it is possible to lower 
the residual magnetism and eddy current within pole pieces generated by the 
effect of the pulse current flowing through Gradient magnetic field coils, 
without decreasing the field uniformity within the air gap. 

The inventors perfected the invention upon learning that the 
stated object can be effectively achieved by optimizing the disposition of the 
laminate of silicon steel sheets. 

Specifically, the present invention is an MRI magnetic field 
generator that has a pair of pole pieces facing each other so as to form a air 
gap and that generates a magnetic field in this air gap, wherein the pole 
pieces each comprise a main component consisting of laminated silicon steel 
sheets, and a magnetic annular protrusion disposed on the side of the main 
component facing the air gap. 

The inventors also propose as favorable structures a structure in 
which the main component consisting of laminated silicon steel sheets is 
fixed and supported by a non-magnetic support member with high electrical 
resistance; a structure in which the main component is fixed and supported 
by a non-magnetic annular support member divided into a plurality of 
sections in the circumferential direction; a structure in which the magnetic 
annular protrusion consists of laminated silicon steel sheets in order to 
reduce the eddy current generated in this annular protrusion; a structure in 
which the the annular protrusion is divided into a plurality of sections in the 
circumferential direction; a structure in which a tiered protrusion 
comprising laminated silicon steel sheets is formed on the inside of the 
magnetic annular protrusion and on the side of the pole piece main 
component facing the air gap; and so on. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a diagram illustrating the structure of the MRI magnetic 
field generator pertaining to the present invention, with (a) being a vertical 
cross section, (b) a top view, and (c) an oblique view of the main component; 

Fig. 2 is an oblique view of the main component, illustrating the 
structure of the MRI magnetic field generator pertaining to the present 
invention; 

Fig. 3 is a diagram illustrating another structure of the MRI 
magnetic field generator pertaining to the present invention, with (a) being a 
vertical cross section, (b) a top view, and (c) an oblique view of the main 
component; 

Fig. 4 is a diagram illustrating another structure of the MRI 
magnetic field generator pertaining to the present invention, with (a) being a 
vertical cross section, (b) a top view, and (c) an oblique view of the main 
component; 

Fig. 5 is a diagram illustrating another structure of the MRI 
magnetic field generator pertaining to the present invention, with (a) being a 
vertical cross section, (b) a top view, and (c) an oblique view of the main 
component; 

Fig. 6 is a diagram illustrating another structure of the MRI 
magnetic field generator pertaining to the present invention, with (a) being a 
vertical cross section, (b) a top view, and (c) an oblique view of the main 
component; 

Figs. 7 (a), (b), (c), (d), and (e) are oblique views of the structure of 
the magnetic annular protrusion of the MRI magnetic field generator 
pertaining to the present invention; 
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Fig, 8 is a vertical cross section illustrating a detail view of the 
MRI magnetic field generator pertaining to the present invention; 

Fig. 9 is a vertical cross section illustrating a detail view of the 
MRI magnetic field generator pertaining to the present invention; 

Fig. 10 (a) is a vertical cross section illustrating a detail view of the 
MRI magnetic field generator pertaining to the present invention, and (b) is 
a top view; ' 

Figs. 11 (a) and (b) are vertical cross sections illustrating detail 
views of the MRI magnetic field generator pertaining to the present 
invention; 

Fig, 12 is a graph of the relationship between magnetic field 
uniformity and distance from the center in the air gap; 

Fig. 13 is a diagram illustrating the structure of a conventional 
MRI magnetic field generator, with (a) being a front view and (b) a lateral 
cross section; 

Fig, 14 is a diagram illustrating another structure of a 
conventional MRI magnetic field generator, with (a) being a front view and 
(b) a lateral cross section; 

Fig. 15 is a diagram illustrating another structure of a 
conventional MRI magnetic field generator, with (a) being a vertical cross 
section and (b) a front view; 

Figs. 16 (a) and (b) are oblique views of the laminated blocks used 
in a conventional MRI magnetic field generator; 

Fig. 17 is a diagram illustrating another structure of a 
conventional MRI magnetic field generator, with (a) being a vertical cross 
section, (b) a front view, and (c) an oblique view of the laminated blocks; and 
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Fig. 18 is a diagram illustrating another structure of a 
conventional MRI magnetic field generator, with (a) being a vertical cross 
section, (b) a front view, and (c) an oblique view of the laminated rods. 
BEST MODE FOR CARRYING OUT THE INVENTION 

The present invention will now be described on the basis of the 
examples illustrated in Figures 1 to 12. 

The pole piece 40 pertaining to the present invention and 
illustrated in Figures 1 (a), (b), and (c) has as its main constituent members a 
main component 41 consisting of a plurality of laminated blocks fixed and 
supported by a non-magnetic annular support member 43 with high 
electrical resistance and produced by laminating a plurality of silicon steel 
sheets in the facing direction of the pole pieces and integrating these with an 
insulating adhesive agent or the like, and a magnetic annular protrusion 42 
with a rectangular cross section and placed on the side of this main 
component 41 facing the air gap. 

For the main component 41, a plurality of laminated blocks 
consisting of silicon steel sheets are first integrated into a rectangular sheet 
shape, after which the outer periphery is worked into a specific shape by 
water jet working, laser working, machining, discharge working, or the like 
so that the overall shape approximates that of a disk. The main component 
41 is fixed and supported by disposing a non-magnetic annular support 
member 43 with high electrical resistance and composed of a resin, bakelite, 
FRP, or another such non-metal around its peripheral edge. It is also 
possible to ensure good mechanical strength by using an epoxy resin or the 
like to mold the plurality of laminated blocks and the non-magnetic annular 
support member 43. 
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Another option, for the purpose of increasing the uniformity of the 
field distribution in the air gap, is to provide a tiered protrusion 44 consisting 
of laminated silicon steel sheets that have been worked into the above- 
mentioned approximate disk shape and formed on the inside of the magnetic 
annular protrusion 42 and on the side of the laminated silicon steel sheets 
facing the air gap. This tiered protrusion 44 is also constituted by a plurality 
of laminated blocks produced by laminating a plurality of silicon steel sheets 
in the facing direction of the pole pieces and integrating these with an 
insulating adhesive agent or the like. 

In the figure, the tiered protrusion 44 is structured such that the 
above-mentioned laminated blocks are laid over the entire surface on the 
inside of the magnetic annular protrusion 42, and the thickness of the center 
portion in the pole piece facing direction in particular is increased to achieve 
an overall tiered shape, but it is also effective for the laminated blocks to be 
laid only in the center portion, and not provided near the inside of the 
magnetic annular protrusion 42. 

In the present invention, the "main component consisting of 
laminated silicon steel sheets" refers to the portion facing the tilt field coil, 
including the tiered protrusion 44. The provision of a tiered protrusion will 
also be described for the structure of the pole pieces described below, but this 
tiered protrusion is not essential in the present invention. Specifically, other 
structures may also be employed to achieve an increase in uniformity of the 
field distribution within the air gap rather than providing a tiered 
protrusion, such as disposing yokes, permanent magnets, or the like at 
specific positions on the side (flat side) of the above-mentioned 
approximately disk-shaped laminated silicon steel sheets facing the air gap. 
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Figure 1 (c) is an oblique view illustrating the relationship of the 
lamination direction of the laminated blocks of silicon steel sheets that 
constitute the main component 41. As previously described, if the silicon 
steel sheets used in these laminated blocks are directional silicon steel sheets 
(JIS C 2553, etc.), then from the standpoint of field distribution uniformity, it 
is preferable for them to be laminated and integrated such that the readily 
magnetizable axis direction (calendering direction) is rotated by 90 degrees 
every specific number of small blocks as shown in Figure 16 (a). In the case 
of non-directional silicon steel sheets (JIS C 2552, etc.), then lamination and 
integration are performed merely in the thickness direction, without taking 
directionality into account, as shown in Figure 16 (b). 

As shown in Figure 2, a further reduction in the effect of residual 
magnetism or eddy current due to the Gradient magnetic field coils can be 
achieved by disposing connecting end (side) faces 41a and 41b of the 
laminated blocks of adjacent silicon steel sheets so that these faces do not 
line up in the lamination direction of the various laminates. 

Specifically, if there is leakage of the magnetic field generated by 
the Gradient magnetic field coils from the gaps that are inevitably formed at 
the connecting end faces of the various laminated blocks, and if this leaked 
magnetic field acts on the permanent magnet structure that serves as the 
field generation source, then an eddy current, albeit a very slight one, will be 
generated on the permanent magnet structure surface, and the field 
distribution uniformity within the air gap will become unstable due to heat 
generation and the like caused by this eddy current. 

However, as shown in Figure 2, if the various connecting end faces 
of the laminated blocks of silicon steel sheets are disposed so that they do not 
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line up, then a magnetic path will be formed within the air gap without a 
substantial increase in magnetic permeability (decrease in 
magnetoresistance) in the direction perpendicular to the lamination 
direction of the laminated blocks (i.e., the horizontal direction in the figure), 
and without the magnetic field generated by the Gradient magnetic field 
coils infiltrating the permanent magnet structure. 

Similarly, with the pole pieces described below, it is favorable to 
employ the same structure for the disposition of the various connecting end 
faces of the laminated blocks of silicon steel sheets. 

In the figure, 46 is a slit that divides the soft iron magnetic ring 
having a rectangular cross section and constituting the magnetic annular 
protrusion 42 into a plurality of sections in the circumferential direction, and 
that is formed in the radial direction for the purpose of reducing the eddy 
current generated within the magnetic annular protrusion 42. 

The relationship between the main component 41 and the agnetic 
annular protrusion 42 in the above structure will be described in detail 
through reference to Figure 8. The laminated silicon steel sheets that 
constitute the main component 41 are formed in an approximate disk shape, 
and the outside diameter Dq thereof is roughly the same as the outside 
diameter Di of the magnetic annular protrusion 42. Therefore, the side of 

the magnetic annular protrusion 42 facing the main component 41 is in 

contact with the laminated silicon steel sheets. 

It is therefore possible for the originally required field intensity to 
be efficiently generated in the specified air gap of the MRI magnetic field 
generator without the magnetic flux produced by the magnetic field from the 
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to a magnetically unsaturated state where the laminated silicon steel sheets 
and the magnetic annular protrusion 42 touch. 

Also, in the main component 41, the bulk magnetic material is not 
disposed either directly below or to the inside of the inside diameter D2 of the 
magnetic annular protrusion 42. Specifically, since no bulk magnetic 
material is disposed in the vicinity of directly below the Gradient magnetic 
field coils, it is possible to obtain the desired reduction in eddy current and 
residual magnetism. 

The outside diameter Dq of the laminated silicon steel sheets 
constituting the main component 41 is not limited to being the same as the 
outside diameter Di of the magnetic annular protrusion 42 as shown in the 
figure. For instance, it is also possible for this diameter Dq to be larger than 
the outside diameter Di of the magnetic annular protrusion 42, but making 
it unnecessarily large is undesirable because this will increase leakage of the 
magnetic flux from the outer periphery of the laminated silicon steel sheets. 

It is also possible for the outside diameter Dq of the laminated 
silicon steel sheets to be smaller than the outside diameter Di of the 
magnetic annular protrusion 42, but making it unnecessarily small will lead 
to a magnetically unsaturated state where the laminated silicon steel sheets 
and the magnetic annular protrusion 42 touch, so it is preferable for the ratio 
(Sb/Sa) between the overall surface area Sa on at least the side of the 
magnetic annular protrusion 42 facing the laminated silicon steel sheets and 
the overall surface area Sb on the side of the laminated silicon steel sheets 
facing the magnetic annular protrusion 42 to be at least 80%, with 85% or 
more being preferable, and 90% or more being even better. The figure 
illustrates a case of 100% (Sa = Sb). 



The figure illustrates a structure in which the non-magnetic 
annular support member 43 is disposed on the outside of the magnetic 
annular protrusion 42, but if, as mentioned above, the outside diameter Do of 
the laminated silicon steel sheets constituting the main component 41 is 
made smaller than the outside diameter Di of the magnetic annular 
protrusion 42, then all or part of the non-magnetic annular support member 
43 will naturally end up being disposed directly beneath the magnetic 
annular protrusion 42. 

However, it will be possible to obtain the desired effect from the 
standpoint of reduced eddy current and residual magnetism if the material of 
the non-magnetic annular support member 43 is selected from among a 
resin, bakelite, FRP, or another such non-metal and has high electrical 
resistance. 

In terms of the magnetic annular protrusion 52 and so forth, the 
pole piece 50 pertaining to the present invention and shown in Figures 3 (a), 
(b), and (c) has the same structure as that shown in Figures 1 (a), (b), and (c), 
except for the main component 51. Specifically, the pole piece 50 pertaining 
to the present invention and shown in Figures 3 (a), (b), and (c) is formed 
such that a plurality of approximately disk-shaped laminated silicon steel 
sheets, which are fixed and supported by a non-magnetic annular support 
member 53 and constitute the main component 51, are laminated in the 
facing direction of the pole pieces and integrated with an insulating adhesive 
agent or the like. Figure 3 (c) is an oblique view illustrating the relationship 
of the lamination direction of the silicon steel sheets that constitute the main 
component 51, including a tiered protrusion 54. 
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With this structure, except for the tiered protrusion 54, there is no 
need to combine a plurality of laminated blocks as shown in Figure 1, so not 
only is production easier, but mechanical strength is also better. Also, in 
order to further enhance the reduction in eddy current and residual 
magnetism, it is preferable for the laminated silicon steel sheets composed of 
this disk-shaped sheet material to be divided in the circumferential 
direction, and for semi-circular, pie-shaped, or other such laminates to be 
combined* 

In terms of the magnetic annular protrusion 62 and so forth, the 
pole piece 60 pertaining to the present invention and shown in Figures 4 (a), 
(b), and (c) has the same structure as that shown in Figures 1 (a), (b), and (c), 
except for the main component 61. Specifically, with the pole piece 60 
pertaining to the present invention and shown in Figures 4 (a), (b), and (c), 
an approximately disk-shaped laminate of silicon steel sheets, which is fixed 
and supported by a non-magnetic annular support member 63 and 
constitutes the main component 61, is formed by the disposition of a plurality 
of laminated blocks produced by laminating a plurality of silicon steel sheets 
in the direction perpendicular to the facing direction of the pole pieces and 
integrating these with an insulating adhesive agent or the like. 

It is preferable, both from the standpoint of magnetic field 
uniformity and from the standpoint of mechanical strength, for the main 
component 61 to be such that the lamination direction is rotated by 90 
degrees for every one of the small blocks that are laminated in the void- 
facing direction, as previously described for Figure 17 (c), and such that the 
lamination direction is rotated by 90 degrees for every one of the laminated 
blocks adjacent in the same plane. Figure 4 (c) is an oblique view illustrating 
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the relationship of the lamination direction of the silicon steel sheets 
constituting the main component 61, including the tiered protrusion 64. 

In terms of the magnetic annular protrusion 72 and so forth, the 
pole piece 70 pertaining to the present invention and shown in Figures 5 (a), 
(b), and (c) has the same structure as that shown in Figures 1 (a), (b), and (c), 
except for the main component 71. Specifically, with the pole piece 70 
pertaining to the present invention and shown in Figures 5 (a), (b), and (c), 
an approximately disk-shaped laminate of silicon steel sheets, which is fixed 
and supported by a non-magnetic annular support member 73 and 
constitutes the main component 71, is formed by the disposition of a plurality 
of laminated blocks produced by laminating a plurality of silicon steel bands 
in the direction perpendicular to the facing direction of the pole pieces and 
integrating these with an insulating adhesive agent or the like. Figure 5 (c) 
is an oblique view illustrating the relationship of the lamination direction of 
the silicon steel sheets constituting the main component 71, including the 
tiered protrusion 74. 

In one method that caii be employed to facilitate assembly and 
increase mechanical strength, a non-magnetic annular support member 73 
in which a support 73a for the silicon steel sheets is provided to the edge on 
the inner periphery is readied, and strips of silicon steel sheets of varying 
length and having chamfers 71a formed corresponding to the shape of this 
support 73a are successively laid out and suspended, or are laid out and 
suspended after first being laminated for every few sheets and integrated 
into laminated rods. 

It is also possible to laminate and integrate a plurality of strips of 
silicon steel sheets in one direction to produce a laminate of rectangular 
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sheets, work this laminate into an approximate disk shape by water jet 
working or the like, and form a chamfer 71a corresponding to the shape of 
the support 73a of the non-magnetic annular support member 73 around the 
edge of this laminate. 

The silicon steel sheets used here may be either directional silicon 
steel sheets or non-directional silicon steel sheets, but the use of non- 
directional silicon steel sheets is preferable from the standpoint of ease of 
manufacture. For example, there is no need to take directionality into 
account in the cutting of the various strips of silicon steel sheets that 
constitute the laminate into the required shapes. 

In terms of the magnetic annular protrusion 82 and so forth, the 
pole piece 80 pertaining to the present invention and shown in Figures 6 (a), 
(b), and (c) has the same structure as that shown in Figures 1 (a), (b), and (c), 
except for the tiered protrusion 84, Specifically, with the pole piece 80 
pertaining to the present invention and shown in Figures 6 (a), (b), and (c), 
the tiered protrusion 84 formed on the side of the main component 81 facing 
the air gap has a structure in which there are disposed a plurality of 
laminated blocks produced by laminating a plurality of silicon steel sheets in 
the direction perpendicular to the facing direction of the pole pieces and then 
integrating these with an insulating adhesive agent or the like. Figure 6 (c) 
is an oblique view illustrating the relationship of the lamination direction of 
the silicon steel sheets constituting the main component 81, including the 
tiered protrusion 84, 

It is preferable, both from the standpoint of magnetic field 
uniformity and from the standpoint of mechanical strength, for the 
approximately disk-shaped laminated silicon steel sheets that constitute the 
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main component 81 to be disposed such that the lamination direction is 
rotated by 90 degrees for every one of the small blocks that are laminated in 
the void-facing direction, as previously described for Figure 17 (c), and such 
that the lamination direction is rotated by 90 degrees for every one of the 
laminated blocks adjacent in the same plane. 83 in the figure is a non- 
magnetic annular support member. 

The silicon steel sheets constituting the tiered protrusion 84 may 
be either directional silicon steel sheets or non-directional silicon steel 
sheets, but the use of non-directional silicon steel sheets is preferable from 
the standpoint of ease of manufacture. For example, there is no need to take 
directionality into account in the cutting of the various pieces of silicon steel 
sheets that constitute the laminated blocks into the required shapes. 

The pole pieces 50, 60, 70, and 80 pertaining to the present 
invention and described above are all the same as the pole pieces 40 
pertaining to the present invention and shown in Figures 1 (a), (b), and (c) in 
terms of the relationship between the main components 51, 61, 71, and 81 to 
the magnetic annular projection 52, 62, 72, and 82, so it is possible for the 
originally required field intensity to be efficiently generated in the specified 
air gap of the MRI magnetic field generator, and furthermore it is possible to 
achieve a reduction in eddy current and residual magnetism, without 
leading to a magnetically unsaturated state where the main components 51, 
61, 71, and 81 and the magnetic annular projection 52, 62, 72, and 82 touch. 

It has already been mentioned that it will be possible to obtain the 
desired effect from the standpoint of reduced eddy current and residual 
magnetism even if all or part of the non-magnetic annular support member 
is disposed directly beneath the magnetic annular protrusion with the above 
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structure since the annular support member is made from a material with 
high electrical resistance, composed of a resin, bakelite, FRP, or another 
such non-metal. 

However, as shown in Figure 10 (a), from the standpoints of 
mechanical strength, workability, and so forth, the effect of reducing eddy 
current and residual magnetism is greatly diminished if all or part of a 
magnetic annular support member 93 is disposed directly beneath the 
magnetic annular protrusion 92 when soft iron or another such magnetic 
material is used for the annular support member that fixes and supports the 
main component 91 . 

The inventors have confirmed experimentally that this 
diminishment of the effect of reducing eddy current and residual magnetism 
can be suppressed by dividing the magnetic annular support member 93 into 
a plurality of sections, as shown in Figure 10 (b) (the figure shows a case of 
eight), in the circumferential direction with slits 96, 

When the magnetic annular support member 93 is used, unlike 
when a non-magnetic annular support member was used, the magnetic 
annular support member 93 serves as a member that forms a magnetic path 
over which the magnetic flux produced by the magnetic field is transmitted 
from the permanent magnet structure 1 (the field generation source) to the 
annular protrusion, and it is therefore possible for the originally required 
field intensity to be efficiently generated in the specified air gap of the MRI 
magnetic field generator without the magnetic flux leading to a 
magnetically unsaturated state where the laminated silicon steel sheets and 
the magnetic annular protrusion touch. 
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Therefore, if we take into account the overall mechanical strength 
of the pole pieces, some of the factors for which are the shape and size and the 
lamination structure of the silicon steel sheets constituting the main 
component, as well as the effect of reducing eddy current and residual 
magnetism, and the magnetically unsaturated state where the main 
component and the magnetic annular protrusion touch, it is preferable for 
the annular support member to be made of a material selected from either a 
non-magnetic material with high electrical resistance and composed of a 
resin, bakelite, FRP, or another such non-metal, or a magnetic material such 
as soft iron, and it is particularly favorable to employ a structure in which 
this annular support member is divided into a plurality of sections in the 
circumferential direction as discussed above. 

It is also possible to use a non-magnetic material composed of 
aluminum, copper, stainless steel, or another metal instead of the soft iron 
support member, but because these materials also have low electrical 
resistance, it is preferable to employ a structure in which there are a 
plurality of sections divided in the circumferential direction, just as with a 
soft iron support member. 

For all of the above structures, the description was of one in which 
an annular support member was used, but the decision as to whether an 
annular support member is needed should be made according to the overall 
shape and size of the pole pieces, the shapes and sizes of the various 
laminated blocks of silicon steel sheets, their mutual adhesive strength, the 
mechanical strength of the pole pieces, which is naturally determined 
according to the integration method, that is, a method involving molding the 
entire pole piece from a resin, a method involving weaving in metal fibers, a 
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method involving first placing and integrating on the permanent magnet 
structure or the like that will serve as the field generation source and then 
removing the jig, and so on, depending on whether the desired shape can be 
maintained by the attractive force from the field generation source when the 
field generation source is a permanent magnet structure, for example. It is 
further possible to use the above-mentioned non-magnetic annular support 
member together with a magnetic annular support member, in which case 
the shape of each is not limited to the structures shown in the figures. 

The various support members, particularly when placed on the 
field generation source, are effective at ensuring the above-mentioned 
mechanical strength required of the pole pieces, but they are not necessarily 
required as long as the assembly of the magnetic field generator placed on 
the field generation source can be completed and the desired pole piece shape 
can be maintained, and when the relationship with other devices and the like 
disposed around the pole pieces is taken into account, these support members 
may be removed upon completion of the assembly. Also, in addition to 
whether or not there is an annular support member, the outer periphery of 
the main component does not necessarily have to be worked into an 
approximate disk shape, depending on the method for integrating the 
laminated blocks of silicon steel sheets. 

In all of the above structures, a bulk magnetic material with a 
rectangular cross section was used as the annular protrusion placed on the 
side of the main component facing the air gap, but reducing the eddy current 
and residual magnetism in the annular protrusion is also effective in order to 
satisfy all of the characteristics required of an MRI magnetic field generator, 
and it is favorable for the entire annular protrusion, or just the surface layer 
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thereof, to be constituted by a laminate of silicon steel sheets, as shown in 
Figure 7. Figure 7 is an oblique view of part of an annular protrusion divided 
in sections in the circumferential direction. 

Specifically, Figure 7 (a) is the magnetic annular protrusion 42 in 
which only a bulk magnetic material with a rectangular cross section was 
used, whereas in Figure 7 (b) a bulk magnetic material 42a with a 
rectangular cross section is used as a core, with a laminate of silicon steel 
sheets 42b disposed around the periphery thereof, that is, laminated on the 
side facing the air gap and on the inner peripheral surface, in the direction 
facing the pole piece, so that only the surface layer of the annular protrusion 
is a laminate of silicon steel sheets. 

In Figure 7 (c), the entire annular protrusion is constituted by a 
laminate of silicon steel sheets 42c laminated in the direction facing the pole 
piece. In Figure 7 (d), a bulk magnetic material 42a with a rectangular cross 
section is used as a core, with a laminate of silicon steel sheets 42d disposed 
around the periphery thereof (the side facing the air gap and on the inner 
peripheral surface), laminated in the direction perpendicular to the direction 
facing the pole piece. In Figure 7 (e), the entire annular protrusion is 
constituted by a laminate of silicon steel sheets 42e, laminated 
concentrically and in the direction perpendicular to the direction facing the 
pole piece. 

In Figure 9, a magnetic annular protrusion 42 with the structure 
in Figure 1 is changed to the structure in Figure 7 (c) discussed above, which 
makes possible a reduction in eddy current and residual magnetism in this 
magnetic annular protrusion 42, and allows the characteristics of the overall 
pole piece to be greatly enhanced. 
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With this structure, since the magnetic annular protrusion 42 is 
also formed from a laminate of silicon steel sheets, the mechanical strength 
of the pole pieces overall is somewhat inferior to that of the structure in 
Figures 1 (a), (b), and (c). Therefore, it is possible to enhance the mechanical 
strength of the pole pieces overall by disposing the non-magnetic annular 
support members 43a and 43b around the peripheral edges of the laminated 
silicon steel sheets constituting the main component 41 and around the 
peripheral edge of the magnetic annular protrusion 42, then disposing the 
non-magnetic annular support member 43c so as to integrally enclose these, 
and then performing resin molding. 

Also, because the pole pieces constituting the magnetic field 
generator of the present invention are substantially constituted by a 
plurality of laminated blocks of silicon steel sheets, in order to increase the 
mechanical strength of the pole pieces overall, it is also effective to 
adhesively fix a magnetic lamina 47 to the bottoms of the pole pieces, that is, 
to the side of the main component 41 composed of a laminate of silicon steel 
sheets that is opposite the side facing the air gap, as shown in Figure 11 (a), 
although this will somewhat diminish the original effect of reducing eddy 
current and residual magnetism. 

This magnetic lamina 47 makes it possible to increase the bonded 
surface area of the individual laminated blocks of silicon steel sheets and 
prevent their lateral shift respective to one another. However, the desired 
effect of reducing eddy current and residual magnetism will not be obtained 
if this magnetic lamina 47 is thicker than necessary. 

It is therefore preferable for the magnetic lamina 47 to be 
extremely thin, and should be no more than 10% of the thickness of the main 
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component comprising a laminate of silicon steel sheets (when a tiered 
protrusion is provided, the thickness including this tiered protrusion). The 
mechanical strength of the pole pieces can be ensured by setting the 
thickness of the magnetic lamina at no more than 3% of the thickness of the 
main component, but a thickness of about 5% is also effective from the 
standpoint of handling when we consider such factors as integration with the 
magnetic annular protrusion and other members with screws. 

Again when the above magnetic lamina is used, it is preferable 
from the standpoint of reducing eddy current and residual magnetism to 
divide the magnetic lamina into a plurality of sections in the circumferential 
direction and combine these semi-circular, pie-shaped, or other sections. 

In order to integrate the magnetic annular protrusion and the 
main component with screws, as shown in Figure 11 (b), a flat ring-shaped 
magnetic plate 48 (no more than 20%, and preferably no more than 15%, of 
the thickness of the main component 41) divided into a plurality of sections 
in the circumferential direction may be disposed at a position corresponding 
to the peripheral edge of the magnetic lamina 47 directly beneath the 
magnetic annular protrusion 42, which is relatively susceptible to the effect 
of the magnetic field generated by the Gradient magnetic field coils. 

Furthermore, it is also possible to employ a structure in which a 
non-magnetic lamina with high electrical resistance, such as a resin, 
bakelite, or FRP, in place of the above-mentioned magnetic lamina 47, This 
disposition of a non-magnetic lamina will not result in the generation of an 
eddy current or residual magnetism, and while the thickness thereof can be 
selected as desired, excessive thickness will prevent the efficient formation of 
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the magnetic field generated from the field generation source within the air 
gap. 

Therefore, when a non-magnetic lamina is disposed in a structure 
in which a permanent magnet structure is used as the field generation 
source, it is favorable for the permanent magnets to have higher magnetic 
characteristics than usual, or for the volume of the permanent magnet 
structure to be increased somewhat. 

Also, with a structure in which an electromagnetic coil is used as 
the field generation source, it is preferable for the current applied to the 
electromagnetic coil to be increased somewhat. 

The MRI magnetic field generator of the present invention is not 
limited to a structure in which permanent magnets such as R-Fe-B-based 
magnets are used as the field generation source, and also encompasses 
structures such as one in which an electromagnetic coil (including normal 
conduction coils, superconduction coils, and so on) is wound around an iron 
core, but in order for the advantages of constituting the main component of 
the pole pieces from a laminate of silicon steel sheets to be utilized most 
effectively, it is preferable to use a structure in which permanent magnets 
with a substantially high electrical resistance and low magnetic 
permeability are employed. 

Specifically, a preferred structure is one in which the main 
component of the pole pieces is placed on the permanent magnet structure 
serving as the field generation source. Also, with a structure in which a non- 
magnetic lamina with high electrical resistance is disposed on the surface of 
the pole piece main component on the side opposite the side facing the air 
gap, the advantages of the pole piece structure of the present invention can 
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be effectively utilized even when an electromagnetic coil is wound around an 
iron core. 

In addition, with the magnetic field generator of the present 
invention, it is possible to employ known technology as needed, without 
being restricted to the structures illustrated in the figures. 
Embodiments 
Embodiment 1 

To confirm the effect of the MRI magnetic field generator of the 
present invention, its effect of reducing eddy current and residual 
magnetism was evaluated by the following method. A tilt field coil was 
installed on various tjrpes of pole piece, a pulse current (500 AT) consisting of 
a specific pulse (1 msec, 3 msec, or 5 msec) was applied to the field coil, and 
the magnitude of the residual magnetism was measured with a milligauss 
meter. The measurement results are given in Tables 1 and 2. 

The pole piece main component had an outside diameter of 1000 
mm and a thickness of 60 mm (maximum thickness including the tiered 
protrusion). The annular protrusion had an outside diameter of 1000 mm, 
and inside diameter of 920 mm, and a thickness of 50 mm, and was installed 
around the peripheral edge of the pole piece main component. An FRP (glass 
fiber-reinforced plastic) support member had an outside diameter of 1040 
mm, an inside diameter of 1000 mm, and a thickness of 50 mm, and an iron 
support member had an outside diameter of 1000 mm, an inside diameter of 
960 mm, and a thickness of 50 mm. 

Because it is usually extremely difficult to measure the eddy 
current itself flowing through a metal, the magnitude of the eddy current 
was evaluated from the amount of change in residual magnetism when the 
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pulse width was varied. The values in the table indicate the difference 
between the residual magnetism at 1 msec and the residual magnetism at 5 
msec. Specifically, a short pulse width corresponds to a high frequency, 
whereas a long pulse width corresponds to a low frequency. The fact that the 
amount of residual magnetism changed with the pulse width means that 
there is a dependence on frequency. Therefore, if there is a large amount of 
change, there is also a large eddy current, the result of which is that a shaip 
image cannot be obtained. 

The pole pieces A to E of the present invention can be seen to have 
less residual magnetism at all pulse widths, and to have less change in the 
residual magnetism, than pole pieces with the conventional structure shown 
in Figure 15, that is, a structure in which a magnetic base member composed 
of bulk iron with a thickness of 30 mm is disposed in the pole piece main 
component. In particular, pole piece B, in which FRP was used as the 
support member and the annular protrusion comprised laminated silicon 
steel sheets, had a lower value for residual magnetism than the other 
structures and had an extremely small amount of change in residual 
magnetism, so it can be seen that the effect of reducing eddy current and 
residual magnetism is extremely good here. 

When iron was used as a support member, and when this support 
member was in a so-called bulk form and not divided (reference example), 
even when a laminate of silicon steel sheets was used for the pole piece main 
component, the effect thereof could not be effectively utilized, and it can be 
seen that the effect of the iron support member positioned directly beneath 
the annular protrusion resulted in residual magnetism and eddy current 
that were either the same as or worse than those in a conventional structure. 



However, the effect of using a laminate of silicon steel sheets for 
the pole piece main component can be effectively realized by dividing the 
support member, as shown by pole piece C, or by using laminated silicon 
steel sheets as the annular protrusion, as shown by pole piece D. 

Pole piece E had a structure in which laminated silicon steel 
sheets were used as the annular protrusion in addition to the structure 
shown in Figure 3, and while the effect of reducing residual magnetism and 
eddy current was somewhat lower than with the other pole pieces A to D, it 
was still clearly superior to that of the pole piece with a conventional 
structure. An effect equal to or better than the effect shown for pole piece E 
is obtained with all of the structures of the present invention shown in 
Figures 4 to 6, 

When the same measurements were made for a structure in which 
a magnetic lamina with a thickness of 1,5 mm was further used with pole 
piece B (see Figure 11), the magnetic lamina had almost no effect on eddy 
current and residual magnetism, and the measurement results were about 
the same as those for pole piece B. 
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Table 1 





Structure 
reference 
figure 


Annular projection 


Support member 


Material 


Divisions in 
circumferent 
ial direction 


Material 


Divisions in 
circu m f pren t 
ial direction 


Conventional 
example 
Comparison 


Figure 15 


iron 


8 divisions 


none 




Figure 10 


iron 


8 divisions 


iron 


none 


Present 
invention 


A Figxxre 1 


iron 


8 divisions 


FRP 




B Figxire 9 


laminated 
silicon steel 
sheets 


8 divisions 


FRF 




C Figure 10 


iron 


8 divisions 


iron 


8 divisions 


D Figure 10 


laminated 
silicon steel 
sheets 


8 divisions 


iron 


8 divisions 


E Figure 3 


laminated 
silicon steel 
sheets 


8 divisions 


FRP 





33 



Table 2 





Structure 
reference 
figure 


Residual magnetism 
measurement results 


Eddy 
current 
evaluation* 


1 msec 


3 msec 


5 msec 


Kj onvenuoiiaX 

example 
Comparison 


Figure 15 


95 


63 


49 


46 


Figure 10 


101 


60 


48 


53 


Present 
invention 


A Figure 1 


36 


26 


24 


12 


B Figure 9 


22 


21 


20 


2 


C Figure 10 


54 


29 


22 


32 


D Figure 10 


39 


27 


23 


16 


E Figtire 3 


75 


52 


36 


39 



*Eddy current evaluation : (residual magnetism at 1 msec) -(residual 
magnetism at 5 msec) 
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Embodiment 2 

Figure 12 is a graph of the results of measuring the effect that the 
surface area ratio of the portion where the annular protrusion is in contact 
with the pole piece main component disposed directly therebelow has on the 
magnetic field uniformity in the air gap of an MRI magnetic field generator 
(in which a permanent magnet structure comprising R-Fe-B-based magnets 
is used as the field generation source) (the structure in Figure 1 was 
employed for the pole pieces). Specifically, the horizontal axis is the distance 
in the radial direction from the center of the air gap of the MRI magnetic 
field generator, and the vertical axis is the magnetic field uniformity in this 
air gap. 

The curves in the graph, from the top, indicate when the above- 
mentioned surface area ratio was 100%, 80%, 70%, and 50%. Specifically, it 
can be seen that there is a pronounced drop in magnetic field uniformity as 
the surface area of the portion where the pole piece main component touches 
the annular protrusion becomes smaller. 

It is possible for the above-mentioned surface area ratio to be 80% 
or higher in the present invention, and it was found that the effect discussed 
above for reducing residual magnetism and eddy current can still be 
obtained without leading to a drop in magnetic field uniformity. 
INDUSTRIAL APPLICABILITY 

As is clear from the examples, because the MRI magnetic field 
generator of the present invention makes use of pole pieces in which a main 
component comprising a laminate of silicon steel sheets is effectively 
combined with an annular protrusion disposed on the side of the main 
component facing the air gap, a static magnetic field having the desired 
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uniformity can be formed in the air gap, and eddy current and residual 
magnetism withiii the pole pieces, which are generated due to the effect of 
the pulse current flowing through the Gradient magnetic field coils, can be 
reduced without leading to a magnetically unsaturated state in the vicinity 
of the annular protrusion. 



